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The synthesis in vitro of peptidoglycan by Neisseria gonorrhoeae was studied
in organisms made permeable to nucleotide precursors by treatment with ether.
Optimum synthesis occurred at 30°C in tris(hydroxymethyl)aminomethane-ma-
leate buffer (0.05 M; pH 6) in the presence of 20 mM Mg**. The incorporation
from uridine 5’-diphosphate-N-acetyl-[*C]glucosamine into peptidoglycan, mea-
sured after precipitation of the cells with trichloroacetic acid, was sensitive to the
B-lactam antibiotics, bacitracin, diumycin, and tunicamycin and relatively resist-
ant to spectinomycin and tetracycline. Differences in sensitivity between prepa-
rations from a B-lactamase producer and a laboratory segregant derived from it
were not great. Synthesized peptidoglycan was also fractionated into sodium
dodecyl sulfate-soluble and -insoluble portions. 8-Lactam antibiotics at concen-
trations equivalent to the minimal inhibitory concentrations for growth of the
organisms did not inhibit peptidoglycan synthesis, but rather caused a small
enhancement. At higher concentrations, above about 0.5 ug/ml, incorporation
into sodium dodecyl sulfate-insoluble material was progressively inhibited,
whereas the amount of sodium dodecyl sulfate-soluble product increased greatly,
more than compensating for the loss of the precipitable fraction. Similar obser-
vations were made with three strains, and also with the B-lactam clavulanic acid,
normally considered as a B-lactamase inhibitor rather than as itself an effective

antibiotic.

Until recently, gonococci had always been ob-
served to be highly sensitive to penicillin, and
even though some strains existed that were rel-
atively more resistant this did not prevent pen-
icillin from remaining the preferred treatment.
In 1976, strains that had acquired high levels of
resistance attributable to their production of a
TEM-type B-lactamase (1, 18, 19, 26) were iso-
lated in various parts of the world, and infections
with these could no longer be treated by single
massive doses of benzylpenicillin. Later evidence
showed that the gene for the B-lactamase was
carried on plasmids of 4.4 X 10° daltons in some
strains and 3.2 X 10® daltons in others, but that
its base sequence was at least 70% similar in
each case (3, 21). It was, nevertheless, possible
to treat infections with these strains by using
B-lactams resistant to TEM-S-lactamase, for
which the fundamental attack on gonococcal
wall synthesis could be expected to be the same
as for penicillin. 8-Lactams are well known to
interfere with the synthesis of bacterial cell walls
by preventing the cross-linking of peptidoglycan
(4), and there is good evidence that this mecha-
nism is also involved in their action on gonococci
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(22). As in other organisms, their bactericidal
effect is mediated by autolysis (22, 32) which is
promoted by penicillin action. To gain further
insight into the precise way in which S-lactams
can kill gonococci, whether or not they bear B-
lactamase genes on their plasmids, we have in-
vestigated directly the effect of these antibiotics
on the in vitro biosynthesis of peptidoglycan
from its nucleotide precursors. The basic com-
position of the gonococcal peptidoglycan is
known to be the same as that of other gram-
negative bacteria (6), and the work that follows
describes the development of a system based on
previous work with Escherichia coli (13), in
which ether treatment was used to make the
organisms permeable to nucleotide-linked pre-
cursors. Peptidoglycan synthesis was then stud-
ied in the presence and absence of antibiotics.

(This work forms part of a thesis by C. A.
Brown for a fellowship of the Institute of Medi-
cal Laboratory Sciences, London England.)

MATERIALS AND METHODS

Organisms and growth conditions. Three
strains of Neisseria gonorrhoeae were used. Strain
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FA19 was a penicillin-sensitive laboratory strain orig-
inally obtained from P. F. Sparling. The other two
strains were derived from an isolate obtained by A.
Percival from a patient in Liverpool; one, 11261, (Per-
cival no. 771+) was resistant to penicillin by reason of
plasmid-borne 8-lactamase production, and the other,
11260 (Percival no. 771—) was a penicillin-sensitive
laboratory segregant that had lost the plasmid con-
cerned (F. Flett, S. Rayter, J. R. Saunders, and G. O.
Humphreys, personal communication). Cultures were
grown on chocolate agar made from 8% horse blood in
Columbia agar base (Oxoid Ltd., London) and stored
at —70°C in nutrient broth (Oxoid no. 2) containing
20% glycerol. For each series of experiments, chocolate
agar plates were inoculated from the stored cultures
and grown overnight at 36°C in an atmosphere of 10%
CO: in air. The colony morphology of all strains used
was Tj or T,. After the organisms had been checked
for the presence or absence of S-lactamase by using
the chromogenic cephalosporin 87/312 (16), the plates
were flooded with medium, the organisms were
scraped from the surface of the agar with a wire loop,
and the suspension was transferred to 500-ml batches
of prewarmed medium in 1-liter conical flasks. Each
flask received the collected growth from one plate.
The medium was the broth medium of Mayer et al.
(10), except that GC medium base (Difco Laboratories,
Detroit, Mich.) was replaced by brain heart infusion
(Becton, Dickinson, & Co., Cockeysville, Md.). In some
later experiments, the basal medium was protease-
peptone no. 3 (Difco) (31). For each basal medium, the
supplement described by Mayer et al. (10) was added
at 1% (vol/vol).

The flasks were placed in a CO. incubator and
purged with 10% CO- before being covered and shaken
at 120 rpm on a rotary shaker at 36°C. Growth was
continued to early exponential phase, usually about 4
h, by which time the mean generation time was about
1h

Assay of peptidoglycan synthesis. The cells
from 3 liters of culture were harvested at 16,300 X g
for 10 min and suspended in 60 ml of the basic medium
of Mirelman et al. (13). They were then harvested at
12,000 X g as rapidly as possible, suspended in 8 ml of
the same basic medium, and gently mixed with 8 ml
of ether for 1 min (28). The ether-treated cells
were recovered exactly as described earlier (28). The
final pellet was suspended in 200 ul of tris
(hydroxymethyl)aminomethane (Tris)-maleate buffer
(0.05 M; pH 6), containing 0.02 M Mg** and 1 mM
2-mercaptoethanol, and used immediately.

For assay of peptidoglycan synthesis, samples con-
tained, in a final volume of 70 ul, 10 nmol of uri-
dine 5’'-diphosphate (UDP)-N-acetylglucosamine
(UDPGIcNAc), 10 ul of a 5X concentration of Tris-
maleate buffer as described above, 10 ul of 4.5 mM
UDP-N-acetylmuramic acid L-alanyl-D-isoglut-
amyl-meso-diaminopimelyl-p-alanyl-p-alanine (UDP-
MurNAc-pentapeptide), prepared as described by
Ward (29), UDP-["*C]GlcNAc (0.125 uCi), and ether-
treated cells (20 pl) containing 0.5 to 1 mg of protein
(8). The procedure was as follows. All components
except the radioactive precursor and the UDP-
MurNAc-pentapeptide were prepared on ice, and the
cells were added. This mixture was incubated for 30
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min at 30°C to allow any endogenous peptidoglycan
precursor to be used up. The UDP-MurNAc-penta-
peptide and UDP-[C]GlcNAc were then added to-
gether with antibiotic when appropriate, and incuba-
tion was continued for 30 min.

In some experiments, the reaction was terminated
by the addition of 1 ml of 5% (wt/vol) trichloroacetic
acid, and the resulting precipitate was filtered on glass
microfiber filters (GF/C, Whatman, England) and
washed four times with 5 ml of 5% trichloroacetic acid
and four times with 5 ml of ethanol. After being dried
in an oven, the filters were covered with scintillation
fluid containing 2(4’-t-butylphenyl)-5-(4”-biphenyl)-
1,3,4-oxadiazole (Butyl-PBD) in 1 liter of toluene, and
their radioactivity was measured in a scintillation
counter (Intertechnique, Dover, N.J.). The efficiency
of counting was 80%.

In experiments in which incorporation into insolu-
ble peptidoglycan was being measured, the samples
after incubation were treated by a modification of the
method previously described (33). The reaction was
terminated by adding sodium dodecyl sulfate (SDS)
to a final concentration of 5% (wt/vol) and heating at
100°C for 20 min. After cooling, the insoluble residue
was sedimented in a microcentrifuge (Jobling 320) at
14,000 x g for 5 min. The supernatant was removed
and retained. The residue was washed with 1% SDS,
this supernatant being combined with the first, and
the pellet was transferred in 1% SDS to a glass micro-
fiber filter, which was washed twice with water (5 ml).
After they were dried in an oven, the radioactivity
retained on the filters was measured as before.

The bulk of the SDS was removed from the super-
natants by precipitation at 4°C and by centrifuging,
and the final supernatant was dried over P;O; in vacuo
before being resuspended in water (50 ul) and trans-
ferred as a 2-cm streak to the origin of a paper chro-
matogram (Whatman 3MM). Descending chromatog-
raphy was in isobutyric acid-0.5 M ammonia (5:3, vol/
vol) for 48 h. After drying, the origin of the chromat-
ogram was removed and its radioactivity was taken as
a measure of the SDS-soluble peptidoglycan synthe-
sized. Since a small proportion of this material was
inevitably carried down with the SDS that precipi-
tated on cooling, this precipitate was redissolved and
its radioactivity was measured in aqueous scintillant
(butyl-PBD, 6 g; toluene, 1 liter; Triton X 100, 0.5
liter; water, 150 ml). In calculations of radioactivity
incorporated into the SDS-soluble fraction, correction
was routinely made for loss by this route. Confirmation
that the SDS-soluble material was indeed peptidogly-
can was obtained by degrading it with lysozyme, which
converted the polymer entirely to low-molecular
weight products.

In all experiments, the radioactivity incorporated
into peptidoglycan was taken to be the excess uptake
observed in a sample to which the UDP-MurNAc-
pentapeptide had been added. The control without
this component generally represented only 5 to 10% of
the incorporation in the full assay mixture.

MIC. Where required, the minimal inhibitory con-
centration (MIC) of antibiotics was measured by a
plate method for N. gonorrhoeae exactly as described
by Shannon et al. (23).

Antibiotics. The antibiotics used were commercial
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samples, except for the following gifts, which are grate-
fully acknowledged: clavulanic acid from Beecham
Research Ltd., Brockham Park, Surrey, England;
spectinomycin from Upjohn Ltd., Crawley, Sussex,
England; cefuroxime and cephalexin from Glaxo Re-
search Ltd., Greenford, Middlesex, England; cefoxitin
from Merck Sharp & Dohme, West Point, Pa.; tuni-
camycin and diumycin from R. B. Sykes.

RESULTS

Establishment of conditions for in vitro
synthesis of peptidoglycan. The method used
for in vitro synthesis of peptidoglycan was
adapted from that applied to E. coli (13), in
which permeability to peptidoglycan precursors
was achieved by treatment of cells from expo-
nential cultures with diethyl ether. Gonococci of
strain 11260 treated with ether and incubated
with peptidoglycan precursors at pH 8 showed
incorporation of label from radioactive UDP-
GlcNAc, dependent upon the presence of UDP-
MurNAc-pentapeptide, into trichloroacetic acid
precipitates of the etherized cells. However, in
these early experiments the incorporation in the
absence of added UDP-MurNAc-pentapeptide
was rather high, probably because of the high
level of endogenous precursor that was available
for synthesis. To avoid this complication, sub-
sequent preparations were first incubated with
non-radioactive UDP-GlcNAc alone, so that the
pool of UDP-MurNAc-pentapeptide could be
depleted. Then the radioactivity and the exoge-
nous peptidoglycan precursor were added to-
gether, and under these conditions incorporation
into the control cells represented only a small
proportion of that in the complete assay. Al-
though some incorporation was observed at pH
8, incubation over a range of pH values showed
that the optimum occurred at pH 6 (Fig. 1).
Furthermore, in trials of a varis.y of buffers at
this pH, Tris-maleate was found to be the best.

Other experiments were conducted to estab-
lish the optimum Mg** concentration. For this
purpose, MgCl; was omitted from the basic me-
dium used for washing the harvested cells (see
Materials and Methods) and also from the buffer
used to wash the cells after ether treatment. The
assay was conducted in Tris-maleate buffer
without added magnesium, which was then sup-
plied over a range of final concentrations up to
100 mM. The results showed that the optimum
concentration of Mg?* lay between 10 and 25
mM, and a repeated experiment within this
range gave an optimum value of 20 mM (Fig. 2).
At this concentration, examination of a range of
incubation temperatures showed that 30°C was
the optimum (Fig. 3).

Before using the etherized cell preparation to
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F16. 1. Peptidoglycan synthesis measured by in-
corporation into trichloroacetic acid precipitates: the
effect of changes of buffer and pH. The incorporation
under optimum conditions is shown as 100%.
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F16. 2. Peptidoglycan synthesis measured by in-

corporation into trichloroacetic acid precipitates: the
effect of Mg** concentrations.

study the effects of antibiotics on peptidoglycan
synthesis, it was necessary to show that incor-
poration was linear and that the assay mixture
contained sufficient peptidoglycan precursor.
Under the standard conditions, as set out in
Materials and Methods, incorporation was es-
sentially linear up to 30 min and showed only a
small decline from linearity after 60 min (Fig. 4).
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In experiments in which the UDP-MurNAc-pen-
tapeptide concentration was doubled or quad-
rupled, no difference in peptidoglycan synthesis
was observed.
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Fic. 3: Peptidoglycan synthesis measured by in-
corporatjon into trichloroacetic acid precipitates: the
effect of temperature.
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F16. 4. Time dependence of incorporation into tri-
chloroacetic acid-precipitated peptidoglycan.
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Effect of antibiotics on peptidoglycan
synthesis measured in trichloroacetic acid
precipitates. Once conditions for the incorpo-
ration of peptidoglycan precursors into trichlo-
roacetic acid precipitates had been standardized,
it was possible to study the effects of various
antibiotics. Two strains were examined in this
series of experiments, one sensitive to penicillin
(1L260) and one resistant by reason of plasmid-
coded B-lactamase (11.261) (Table 1). Antibiotics
known to affect various stages of peptidoglycan
synthesis in other organisms were also effective
here. The least active was tunicamycin at 1 ug/
ml (cf. the relative insensitivity of cell-free syn-
thesis of peptidoglycan in Bacillus licheniformis
94 [30]). Bacitracin, which prevents the recycling
of undecaprenyl-pyrophosphate (24), caused 85
to 90% inhibition, a8 did diumycin, which inter-
feres with the utilization of the GlcNAc-
MurNAc-(pentapeptide)-P-P-undecaprenol in-
termediate (7, 9). The simultaneous addition of
clavulanic acid, a known inhibitor of TEM g-
lactamase (20), brought the penicillin-induced
inhibition of peptidoglycan synthesis in the -
lactamase producer 11261 from its initially low
level to the same value as in the sensitive strain
11260, although the same concentration of cla-
vulanic acid alone had no inhibitory effect. As
expected, added clavulanic acid produced little
enhancement of penicillin inhibition when the
sensitive strain was used. In fact, unlike most
bacteria, N. gonorrhoeae are relatively sensitive
to clavulanic acid (15), and later experiments
showed that the peptidoglycan synthesis by
ether-treated cells was affected in much the
same way by this as by other B-lactam antibi-
otics.

Peptidoglycan synthesis measured in tri-
chloroacetic acid precipitates compared
with SDS-soluble and SDS-insoluble frac-
tions. Although trichloroacetic acid precipitates

TABLE 1. Inhibition by various antibiotics of the in vitro synthesis of peptidoglycan

% Inhibition of peptidoglycan synthesis®

Antibiotic Conen (ug/ml) Strain 11260 Strain 11261
(B-lactamase negative) (B-lactamase positive)
Benzylpenicillin 10 423 36.5
Benzylpenicillin + clavulanic 10; 51.4 834
acid 2°
Bacitracin 10 88.8 85.5
Tetracycline 10 54 194
Spectinomycin 10 58 124
Cefuroxime 10 57.3 80.6
Cefoxitin 10 713 _
Diumycin 1 88.4 89.9
Tunicamycin 1 26.0 —

? Peptidoglycan synthesis was measured by the radioactivity incorporated into trichloroacetic acid precipitates

as described in the text. —, Not examined.

® First value refers to benzylpenicillin; second value refers to clavulanic acid.
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undoubtedly contained the peptidoglycan, it is
known from work with other organisms that in
the presence of B-lactam antibiotics soluble ma-
terial excreted by the cells can also be co-precip-
itated with them (27). Therefore, in detailed
experiments concerned with the action of the
B-lactam antibiotics, the ether-treated cells,
after the period of incorporation, were either
collected as trichloroacetic acid precipitates as
described above, or extracted with hot SDS as
described in Materials and Methods, to yield
SDS-insolubie and SDS-soluble fractions. In the
latter, only the polymeric material was consid-
ered, being collected as the product that re-
mained on the origin of a paper chromatogram.
The effect of different concentrations of cefu-
roxime on the incorporation of radioactivity
from UDP-[*C]GlcNAc into trichloroacetic acid
precipitates is shown in Fig. 5. Two 8-lactamase-
negative (11260, FA19) and one B-lactamase-
positive (1L261) strains were used, the absolute
amount of incorporation in the controls being
dependent upon the individual preparation and
therefore not for direct comparison. In all of
these, inhibition of peptidoglycan synthesis by
cefuroxime followed the same pattern. At con-
centrations up to about 0.05 ug/ml there was a
slight increase in incorporation, and thereafter
a rapid continuous decrease occurred up to 10
ug/ml, the highest concentration used in this
experiment. The cefuroxime concentration that
caused a 50% inhibition of the maximum incor-

peptidoglycan synthesized (nmol)

o1 o1 T ®
cefuroxime ug/mi

0-001

Fi16. 5. Effect of cefuroxime concentration on the
synthesis of peptidoglycan measured in trichloroa-
cetic acid precipitates. Preparations from strains
1L260, 1L261, and FA19 were used. For convenience,
the control values are plotted on the ordinate axis.
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poration achieved was about 1 ug/ml for strains
1L261 and FA19, and about 5 pg/ml for strain
1L260. These concentrations were greater by
about two orders of magnitude than the MICs
of cefuroxime for the same strains, which were
0.014, 0.012, and 0.010 pg/ml, respectively.

The effect of benzylpenicillin on the biosyn-
thesis of the SDS-soluble and SDS-insoluble
fractions of the peptidoglycan of the B-lacta-
mase-negative strain 11260 is shown in Fig. 6.
Without antibiotic, approximately equal
amounts of radioactivity were incorporated in
the peptidoglycan of both fractions. With doses
of penicillin from 0.01 to 1 pg/ml, the amount of
SDS-insoluble product actually increased, the
highest point of the curve representing an incre-
ment of 84% over the control. Higher doses of
antibiotic decreased the synthesis of SDS-insol-
uble peptidoglycan almost to zero. The effects
on the synthesis of SDS-soluble peptidoglycan
polymer were quite different; at concentrations
up to 0.1 ug of penicillin per ml, there was no
great change (but certainly no decrease corre-
sponding to the increase in insoluble material)
and thereafter up to 50 ug/ml there was a vast
increase in the amount of incorporation, far out-
weighing any concomitant decrease in the pro-
duction of the SDS-insoluble fraction. Thus, at
1 pg of penicillin per ml there was already 2.4
times as much soluble polymer synthesized as in
the control, although the insoluble product was
still in excess of its control value. At 50 ug/ml,
the synthesis of soluble polymer had increased
5.6-fold. The changes at low penicillin concen-
tration thus correspond to those observed with
trichloroacetic acid-precipitated material, where
again a slight rise was consistently seen (Fig. 5).

808 ~soluble

4 2

peptidoglycsn synthesized

0 100

[3] 1
penicillin (pg/mi)

F1c. 6. Effect of benzylpenicillin concentration on
the synthesis of SDS-soluble and SDS-insoluble pep-
tidoglycan in strain 1L260. Control values are plotted
on the ordinate axis.
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However, the large amount of SDS-soluble pol-
ymer produced at higher drug concentrations
was evidently not trichloroacetic acid-precipita-
ble, since it did not appear in the latter fraction.
Direct attempts to precipitate the material that
had been dissolved in SDS with trichloroacetic
acid were unsuccessful.

B-Lactamase production prevented the rela-
tive effects of penicillin upon peptidoglycan syn-
thesis in strains 11.261 and 11260 from being
compared, but cefuroxime, which is resistant to
TEM-B-lactamase (17), was used in this way
(Fig. 7). Again the effects upon the synthesis of
SDS-insoluble and SDS-soluble peptidoglycan
were of the same general type just described for
benzylpenicillin and 11260, and once more the
higher concentrations of cefuroxime produced
full inhibition of the synthesis of insoluble ma-
terial and a considerable enhancement in pro-
duction of the soluble polymer, particularly no-
ticeable with the B-lactamase producer for which
at 100 ug/ml the increase was 6.8-fold.

That these responses to S-lactams were not
confined to the strains isolated in Liverpool can
be seen from comparable experiments with
strain FA19, which has been widely used in
genetic and biochemical studies elsewhere. With
this strain, far less of the synthesized peptidogly-
can appeared in the SDS-insoluble fraction, even
in the absence of antibiotic, but increasing con-
centrations of benzylpenicillin again led to a
small rise in incorporation into both fractions up
to 0.01 ug/ml, and thereafter to an almost total
inhibition of the synthesis of SDS-insoluble ma-
terial and a disproportionate enhancement of
the production of SDS-soluble polymer (Fig. 8).

peptidoglycan synthesized  (pmol)

SDS—insoluble

001 o1 1 10 700
cefuroxime (yg/ml)

F16. 7. Effect of cefuroxime concentration on the
synthesis of SDS-soluble and SDS-insoluble peptido-
glycan. Symbols: O, OJ, strain 1L261; @, B, strain
1L260. Control values are plotted on the ordinate
axis.
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F1G. 8. Effect of benzylpenicillin concentration on
the synthesis of SDS-soluble and SDS-insoluble pep-
tidoglycan in strain FA19. Control values are plotted
on the ordinate axis.

Thus, at 10 ug of antibiotic per ml the increase
over the control for strain FA19 was about three-
fold, compared with strain 11260 for which the
corresponding increase was fourfold (Fig. 6). The
MICs of benzylpenicillin against these strains
were 0.010 and 0.21 ug/ml, respectively.
Clavulanic acid is fairly active against gono-
cocci, MICs of 0.5 to 5 ug/ml (11) and 0.1 ug/ml
(15) having been reported. Its effect on in vitro
peptidoglycan synthesis by preparations from
strain FA19 was also examined (Fig. 9). At con-
centrations below 1 ug/ml it had little effect on
the synthesis of the SDS-insoluble material and
produced a slight increase in the amount of
trichloracetic acid-precipitable or of SDS-solu-
ble material (examined separately). As with the
other B-lactam antibiotics, higher concentra-
tions inhibited the synthesis of the TCA-precip-
itable and SDS-insoluble fractions and caused
an increase in the amount of SDS-soluble poly-
mer. Thus its unusual effectiveness as an anti-
biotic against N. gonorrhoeae is paralleled by its
effects on peptidoglycan synthesis in vitro.
Other B-lactam antibiotics were also exam-
ined. The amidino analog of penicillin mecilli-
nam, which is known to bind specifically to the
penicillin-binding proteins of Escherichia coli
and to cause that organism to be converted to
ovoid shapes (25), had only a slight effect upon
peptidoglycan synthesis by strain 11.260, as mea-
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F1G. 9. Effect of clavulanic acid concentration on
the synthesis of peptidoglycan in trichloroacetic acid
precipitates and also in the SDS-soluble and SDS-
insoluble fractions. Strain FA19. Control values are
plotted on the ordinate axis.

sured by incorporation into trichloroacetic acid
precipitates. Mecillinam at 0.1 ug/ml caused a
6% increase in synthesis, and higher concentra-
tions caused a steady decrease, but even at 100
ng/ml synthesis was only 28% less than that in
the control preparation.

Cephalexin has been reported to cause higher
degrees of peptidoglycan cross-linking and inhi-
bition of DD-carboxypeptidase activity in E. coli
PATS84 (14), changes which may account for the
appearance of filamentous cells. Its effect on
peptidoglycan synthesis in etherized N. gonor-
rhoeae strain FA19 was, however, surprisingly
small. Concentrations up to 100 ug/ml produced
hardly any decrease in the synthesis of SDS-
insoluble material, and only a 63% increase in
the amount of the SDS-soluble fraction. The
amount of incorporation into the trichloroacetic
acid-precipitate was unaffected up to 10 ug/ml,
and even at 100 ug/ml had decreased by only
24%. The MIC of cephalexin for strain FA19 was
high (0.78 ug/ml) compared with the MICs of
benzylpenicillin and cefuroxime (0.010 and 0.012
ug/ml, respectively), a fact which corresponds
well with the relative insensitivity to cephalexin
of the in vitro system.

DISCUSSION

Cell-free synthesis of peptidoglycan in N. gon-
orrhoeae was sensitive to the antibiotics that are
known to inhibit this process in other organisms
and was resistant to substances that act in other
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ways. The high level of susceptibility to bacitra-
cin may indicate that the amount of undeca-
prenol phosphate normally present in these
ether-treated cells is rather low, since bacitracin
prevents the recycling of the undecaprenol py-
rophosphate that is needed to allow further syn-
thesis of peptidoglycan to proceed (24). It is
evident, therefore, that the cell-free system has
the general properties that we expected.

The optimum pH value for synthesis was pH
6, in contrast to observations with E. coli, for
which pH 8.3 was employed (13) or with toluen-
ized Micrococcus luteus (optimum pH 8) (S. J.
Thorpe and H. R. Perkins, unpublished data).
On the other hand, the optimum Mg®* concen-
tration was the same for each organism (20 mM).
Experiments on the turnover of peptidoglycan
in N. gonorrhoeae (6) showed that in growth
medium 50% of peptidoglycan-specific label had
disappeared from the cells within 1 h at 37°C.
Wegener et al. (32) found that when 10 ug of
penicillin per ml was added to cells kept at pH
6 rather than to exponential cultures, the rate of
hydrolysis of peptidoglycan was halved, al-
though the cells were protected from autolysis
under these conditions. In partial contrast,
Goodell et al. (5) found that at pH 6.4 penicillin
had no effect on the loss of peptidoglycan labeled
with [’H]diaminopimelic acid, but caused in-
creased loss when the label was [*H]glucosa-
mine. In any event, it seems unlikely that the
optimum synthesis at pH 6 observed in our
experiments was attributable solely to any inhi-
bition of peptidoglycan lysis at that pH value,
although that may well have represented an
additional factor.

Consistently, low concentrations of S-lactam
antibiotics produced a small increase in the in
vitro synthesis of peptidoglycan measured either
as a trichloroacetic acid precipitate or as SDS-
insoluble or SDS-soluble material. A possible
explanation would be that, since gonococci con-
tain a DD-carboxypeptidase which is highly sen-
sitive to B-lactam antibiotics (2), this enzyme
was attacking the UDP-MurNAc-pentapeptide
added to the etherized cells and rendering it
unsuitable for peptidoglycan synthesis. Penicil-
lin would then be seen to act by inhibiting the
enzyme and sparing the substrate. This expla-
nation is unlikely for the following reasons: (i)
the enzyme has a pH optimum of 8 to 10 and is
relatively inactive at pH6 (24) (ii) the incorpo-
ration was almost linear long after the 30-min
period used in the tests and was therefore ap-
parently insensitive to the disappearance of sub-
strate (iii) increasing the UDP-MurNAc-penta-
peptide concentration fourfold did not prevent
the enhancement of synthesis observed at low
penicillin concentrations.
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An alternative explanation would be that low
B-lactam concentrations were inhibiting the
cross-linking of some relatively minor class of
peptidoglycan, the function of which was to con-
trol the synthesis of a major type of cross-linked
peptidoglycan. At higher concentrations of S-
lactam, the cross-linking of this major type of
peptidoglycan would also be inhibited and in-
corporation into the SDS-insoluble and trichlo-
roacetic acid-precipitate fractions would fall,
which is what was observed.

A different phenomenon was the observation
that high concentrations of 8-lactam antibiotics
produced a stimulation of the synthesis of SDS-
soluble peptidoglycan polymer far in excess of
any concomitant disappearance of the SDS-in-
soluble material. It is evident that a simple trans-
fer from one category to the other, as observed
in B. licheniformis (11) or M. luteus (12, 33),
could not account for our results with N. gon-
orrhoeae, which suggest that the synthesis of
un-cross-linked polymer was normally limited
by the presence of the cross-linked fraction.
Thus, when S-lactams prevent the formation of
cross-links, uncontrolled synthesis of the un-
cross-linked polymer proceeds, giving the high
yields observed in our experiments. Alterna-
tively, B-lactams as possible analogs of acyl-D-
alanyl-p-alanine might interact with an allo-
steric site on the synthetic enzyme, designed
cooperatively to enhance peptidoglycan synthe-
sis when plenty of UDP-MurNAc-pentapeptide
substrate is available.
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